CHAPTER 1

Grapevines in a changing
environment: a global
perspective

Gregory V. Jones

Department of Environmental Studies, Southern Oregon University, Ashland, Oregon, USA

TABLE OF CONTENTS

1.1 Introduction, 2
1.2 Climate suitability for viticulture and wine production, 4
1.3 Climate change and variability, 6
1.4 Environmental impacts on viticulture and wine production, 8
1.5 Conclusions, 12
References, 13

Abstract

Agricultural production is environmentally sensitive, being highly influenced by
changes in climate, soil water and nutrition, and land use practices. From a climate
perspective, agriculture is extremely vulnerable to climate change as most crop
systems have been optimized to fit a given climate niche allowing for economically
sustainable quality and production. These climatic niches range from fairly broad
conditions suitable for crops such as wheat or corn to more narrow conditions
suitable for specialty crops such as grapevines. Potential agricultural responses to
changing climates reflect the interactions between temperature, water availability
and timing, increasing soil salinity and nutrient stresses, and increasing carbon
dioxide concentrations. As such, understanding agricultural impacts from climate
change necessitates integrated information and research examining the combined
effects of these and other factors. This chapter provides an overview of many of
these issues through the discussion of how climate change and variability impact
the structure and suitability for viticulture and wine production worldwide.
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1.1 Introduction

Human interactions within Earth’s environment have brought significant
changes, producing a situation in which we now face some of the most complex
collection of ecological problems in our history. Driven by population growth
and often ecologically unsustainable processes these problems include an
increasingly less predictable and stable climate and a wide range of interrelated
social, environmental, and economic problems. Compounded by growing water
scarcity, deforestation, species extinction, and ocean acidification, our ability to
function as a species is challenged more than ever before (IPCC, 2013). Climate
is at the forefront of these issues as it presents a very complex, highly variable,
and pervasive factor in our natural Earth and human-based systems. From
controlling vegetation patterns and geological weathering characteristics to
influencing water resources and agricultural productivity, climate is at the heart
of the delicate equilibrium that exists on Earth. While it is clear from historical
evidence that changing climates are a part of the Earth’s natural adjustments to
both internal and external forces (e.g., volcanic eruptions and solar variability),
more and more evidence is pointing to increasing human impacts on our climate
(IPCC, 2013). Processes such as desertification, deforestation, and urbanization,
by which the global energy balance is disrupted, and changes in atmospheric
composition that enhance the greenhouse effect beyond its natural equilibrium
demonstrate that our role in changing the climate is increasing.

Agriculture represents probably one of the most complex aspects of human-
environment interactions whereby we need increasingly more productive
systems to feed our growing population, yet aspects of doing so will, and
will likely continue to, exacerbate the problems. As such, agriculture has both
a role in producing some of our challenges, but more importantly has been
increasingly asked to develop sustainable practices that reduce our vulnerability
and increase our adaptive capacity in the face of global change (Diffenbaugh
etal., 2011). Today, as in the past, climate is clearly one of the most important factors
in the success of all agricultural systems, influencing whether a crop is suitable



Grapevines in a changing environment 3

to a given region, largely controlling crop production and quality, and ultimately
driving economic sustainability (Jones et al., 2012). While decisions about what
crop to grow commercially are largely driven by regional history and tradition,
they are also influenced by regional to international economics. However, both
tradition and economics are ultimately driven by the ability to grow the crop
sustainably within a given climate (White et al., 2009). From broadacre crops
such as wheat, rice, corn, and soybeans to specialty crops such as fruits and veg-
etables, tree nuts, dried fruits, and coffee, they all have strong ties to global to
regional climates. While broadacre crops are clearly more important as global
food sources, specialty crops present unique sensitivities to climate that have
made them especially interesting to researchers examining global change. This
fact is never more evident than with viticulture and wine production where
climate is arguably the most critical environmental aspect in ripening fruit to its
optimum quality to produce a desired wine style (Jones, 2014).

The complex influences that result in wine are often embodied in the con-
cept of ‘terroir’, a term that attempts to capture all of the environmental and
cultural influences in growing grapes and making wine (Vaudour, 2002; White
et al., 2009; Tomasi et al., 2013). Terroir is derived from the Latin ‘terre’ or
‘territoire’ and its first modern definition appears as ‘a stretch of land limited
by its agricultural capacity’. Historically, the use of terroir as defining aspects
of landscapes grew out of the traditions of the Cistercian monks in Burgundy
(wine origin), but the term was also broadly embraced by the French as an
agricultural production concept tied to specific regions (i.e., wine, cheese,
paté, and other specialty crops) (White et al., 2009). While definitions and
influences associated with terroir continue to be debated (Vaudour, 2002;
Jones, 2014), what is important is the complexity of environmental influences
that the concept encompasses (Tomasi et al., 2013). At the broadest definition,
climate produces the most easily identifiable differences in terroir through its
influence on vine growth, fruit ripening, and wine styles (van Leeuwen et al.,
2004). Varieties that are best suited to a cool climate tend to produce wines
that are more subtle with lower alcohol, crisp acidity, have a lighter body, and
typically bright fruit flavors, while those from hot climates tend to be bolder
wines with higher alcohol, lower acidity, a fuller body, and more dark or lush
fruit flavors. Geology, soil, and landscape all interact with climate and the vari-
ety to produce the subtle differences and/or expression of aromas, flavors, and
styles within the same climate or region (van Leeuwen et al., 2004; Jones, 2014).
Finally, through their decisions about what to grow, where, and how, humans
can accentuate or camouflage terroir (Bohmrich, 2006). Both as a general
interest and as the result of numerous impacts from global environmental
changes, science has been asked to help identify and define the myriad
interrelated aspects of terroir that together influence viticulture and wine
production worldwide.



4 Chapter 1

1.2 Climate suitability for viticulture
and wine production

As in the past, today’s wine production occurs over relatively narrow geographical
and climatic ranges. Winegrapes also have relatively large cultivar differences in
climate suitability, further limiting some winegrapes to even smaller areas that are
climatically appropriate for their cultivation (Jones, 2006). These narrow niches
for optimum quality and production put the cultivation of winegrapes at greater
risk from both short-term climate variability and long-term climate changes than
other more broadacre crops. While historically associated with Mediterranean cli-
mates, viticulture has spread throughout much of the world, with vineyards found
as far north as in Scandinavia (helped by a warming climate), on east coasts of
continents (e.g., China, Japan, and the eastern United States) and near the equa-
tor, where two crops per year are produced (e.g., Brazil). In these regions addi-
tional weather/climate risks of winter freezes, untimely rainfall, tropical cyclones,
or increased disease risk pose challenges, but innovation and intent has developed
thriving local to regional wine identities (Jones et al., 2012). The broader bounds
for viticulture and wine production occur in climates where growing season tem-
peratures average 13-21 °C (Figure 1.1). The climate-maturity zoning in Figure 1.1
was developed based upon both climate and plant growth for many cultivars
grown in cool to hot regions throughout the world’s benchmark areas for those
winegrapes (Jones, 2006). While many of these cultivars are grown and produce
wines outside of their individual bounds depicted in Figure 1.1, these are more
bulk wine (high yielding) for the lower end of the market and do not typically
attain the typicity or quality for those same cultivars in their ideal climate.
Furthermore, growing season average temperatures below 13 °C are typically lim-
ited to hybrids or very early ripening cultivars that do not necessarily have large-
scale commercial appeal. At the upper limits of climate, some production can also
be found with growing season average temperatures from 21 to 24 °C, although
it is mostly limited to fortified wines, table grapes and raisins.

Over the 13-21 °C range of growing season average temperatures that most
viticulture and wine production occur, individual cultivars can be found in fairly
narrow climate zones (Jones, 2006). For example, Pinot Noir has one of the
narrower climate suitability zones, being grown mostly in cool climates with
growing seasons that range from roughly 14 to 16 °C in places such as Burgundy
or the Willamette Valley of Oregon. Across this 2 °C climate niche, Pinot Noir
produces the variations in style for which is it known, with the cooler zones pro-
ducing lighter, elegant wines and the warmer zones producing more full-bodied,
fruit-driven wines. While Pinot Noir can be found outside these climate bounds,
it is typically unripe or overripe and readily loses its typicity. For a warmer climate
cultivar such as Cabernet Sauvignon, the climate suitability zone in growing sea-
son average temperatures is wider (16-20 °C), spanning from intermediate to hot
climates in regions from Hawke’s Bay, New Zealand, to Bordeaux and Napa.
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1.3 Climate change and variability

Recent research on aspects of global environmental change on viticulture and
wine production reveal significant changes and many unknowns (Fraga et al.,
2012). From a general climate perspective, wine regions worldwide have seen
changes in average climate structure producing warmer and longer growing and
dormant periods (Jones et al., 2005a). Growing season temperatures in many of
the best wine- producing regions in the world warmed 1.3 °C on average during
1950-2000. However, the warming was not uniform across all regions with
greater magnitudes in the western United States and Europe and less warming
in Chile, South Africa, and Australia. Also trends between day and night tem-
peratures vary by region, with some seeing much more significant warming at
night and others seeing more heat stress events through higher daytime tem-
peratures (Nemani et al., 2001; Jones et al., 2005b). More regionally specific and
temporally resolved research concur with the global observations of wine region
temperature trends (Jones and Davis, 2000; Jones, 2005; Webb et al., 2008;
Ramos et al., 2008; Hall and Jones, 2009; Urhausen et al., 2011; Bock et al.,
2011; Koufos et al., 2013; and others). In addition to warmer growing seasons
with greater heat accumulation, many of the world’s wine regions have experi-
enced a decline in frost frequency and shifts in the timing of frosts (Jones, 2005;
Donat et al., 2013; Molitor et al., 2014). A comprehensive global assessment of
27 core indices that define the frequency or severity of extreme of temperature
and precipitation events (Peterson, 2005) was conducted over 1951-2011 world-
wide (Donat et al., 2013). The results show that minimum temperature extremes
have been warming at 2—4 times the rate of maximum extremes, resulting in a
decline in the diurnal temperature range. Likewise, the percentage of days with
temperatures in the lower 10th percentile has declined while the percentage in
the upper 90th percentile has increased. During this period the length of the
growing season has increased, while frost days (<0 °C) and cold spells (consecu-
tive cold days) have declined and warm nights (T_ > 20 °C), warm days (T >
25 °C), and warm spells (consecutive warm days) have increased. However, cold
extremes still occur and there is some evidence that acclimation to more benign
conditions can make both the plant system and human readiness for such events
more susceptible to their occurrence (Gu et al., 2008). For precipitation, the annual
contribution from very and extremely wet days (>95th and 99th percentile) has
increased significantly while the number of consecutive dry days (<1 mm) has
declined globally (Donat et al., 2013).

Depending on the underlying emission scenario, climate models predict con-
tinued increases in global temperature of 1.3-4.8 °C by the end of this century
(IPCC, 2013). Furthermore, observations and modelling have shown that
changes in climate have not and are not likely to be manifested in just changes
in the mean, but also in the variance where there are likely to be more extreme
heat occurrences but still swings to extremely cold conditions (IPCC, 2013).
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Therefore, even if the average climate structure gets better or more suitable in some
regions, variability will still be very evident and possibly even more limiting than
what is observed today (Schar et al., 2004). Work over the last three decades
using model projections show that the observed warming trends in wine regions
worldwide are predicted to continue. Globally, Jones et al. (2005a) found that
mean growing season temperatures could warm by an average 2 °C in 27 of the
world’s top wine-producing regions by 2049. Numerous studies have examined
changes across Europe and point to similar trends with increases in tempera-
tures and spatially variable changes in precipitation (Stock et al., 2005; Fraga
et al., 2012). Specifically in Spain, Rodriguez et al. (2005) examine different
emission scenarios to place lower and upper bounds on temperature and precipi-
tation changes and find increasing temperature trends of 0.4-0.7 °C per decade
with summer warming greater than in the winter. Overall the changes result in
warming by 2100 of between 5 and 7 °C inland and 3 and 5 °C along the coast.
Concomitant with these temperature projections, Rodriguez et al. (2005) show
much drier springs and summers and lower annual rainfall, which was shown to
be less spatially homogeneous across Spain than is temperature. Furthermore, to
examine grapevine responses to climate change, Lebon (2002) used model out-
put to show that the start of Syrah ripening (véraison) in Southern France would
shift from the second week of August today to the third week of July with a 2 °C
warming and to the first week of July with a 4 °C warming. In addition, spatial
modeling of suitable zones for viticulture in Europe show latitudinal, coastal,
and elevation shifts from historic wine regions (Malheiro et al., 2012; Santos
et al., 2012; Moriondo et al., 2013). Similar results have been found elsewhere,
with White et al. (2006) estimating that the potential premium winegrape
production area in the conterminous United States could decline by up to 81
percent by the late twenty-first century due to changes in temperature, especially
heat extremes. In another regional analysis for the west coast of the United States
examining yields of perennial crops in California, Lobell et al. (2006) found a
range of warming across climate models of ~1.0-3.0 °C for 2050 and 2.0-6.0 °C
for 2100 and a range of changes in precipitation from —40 to +40 percent for
both 2050 and 2100. In Australia, Webb et al. (2007) analyzed climate change
scenarios for viticulture showing that temperatures by 2070 are projected to rise
in Australia by 1.0-6.0 °C, increasing the number of hot days and decreasing
frost risk, while precipitation changes are more variable but result in greater
growing season stress on irrigation. Hall and Jones (2009), modelling growing
season climates for Australia, found that eight of the 61 recognized wine regions
in the country would be warmer than the known growing season temperature
threshold for suitability by 2030, 12 by 2050 and 21 by 2070 without further
adaptive measures. In South Africa, regional projections of rising temperatures
and decreased precipitation have been shown to put additional pressure on both
the phenological development of the vines and on the necessary water resources
for irrigation and production (Carter, 2006).
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While the average climate structure in a region determines the broad suitability
of winegrape cultivars, climate variability influences issues of production and qual-
ity risk associated with how equitable the climate is year in and year out (Jones et al.,
2012). Climate variability in wine regions influences grape and wine production
through cold temperature extremes during the winter in some regions, frost
frequency and severity during the spring and fall, high temperature events during
the summer, extreme rain or hail events, and broad spatial and temporal drought
conditions. Climate variability mechanisms that influence wine regions are tied to
large-scale atmospheric and oceanic interactions that operate at different spatial
and temporal scales over most of the globe. The most prominent of these is the
large-scale Pacific sector El Nifio-Southern Oscillation (ENSO), which has broad
influences on wine region climates from North America (Jones and Goodrich,
2008), Australia and New Zealand (Gordon, 1986; Power et al., 1999), South Africa
(Tyson, 1986), South America (Garreaud et al., 2009), and Europe (Rodd and
Comin, 2000). However, the effects of ENSO on wine region climate variability var-
ies tremendously in magnitude and is of opposite sign depending on the location of
the wine region and is often coupled with other more influential regional mecha-
nisms (Jones and Goodrich, 2008). There is also some evidence that these broad
climate variability mechanisms are likely to become more variable in the future,
potentially bringing greater extremes worldwide (Trenberth and Fasullo, 2013).

1.4 Environmental impacts on viticulture
and wine production

Numerous impacts associated with plant growth, fruit characteristics, and pest
and disease issues have been seen in wine regions and are likely to continue in
the future (Bission et al., 2002). For Europe in general, grapevine phenological
timing has showed strong relationships with the observed warming, with trends
ranging from 6 to 25 days earlier over numerous cultivars and locations (Jones
et al., 2005b; Duchéne and Schneider, 2005; Bock et al., 2011; Tomasi et al.,
2011; Urhausen et al., 2011; Koufos et al., 2013). Furthermore, from the limited
data available in Australia and across the United States, observed changes in
grapevine phenology have ranged 2-5 days earlier per decade over the last
25-35 years depending on cultivar and region (Wolfe et al., 2005; Webb et al.,
2011; Jones, 2013) and are strongly correlated to warmer springs and summers.
Changes are greatest for véraison and harvest dates, which typically show a
stronger, integrated effect of a warmer growing season. Interval lengths between
the main phenological events have also declined, with bud break to bloom,
véraison, or harvest dates shortening by 14, 15, and 17 days, respectively (Jones
et al., 2005b; Tomasi et al., 2011). A meta-analysis over all locations globally and
cultivars shows that grapevine phenology has been responding by 3-6 days per
1 °C of warming over the last 30-50 years.
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With earlier and more rapid plant growth the potential for changes to ripening
profiles and wine styles is evident (Petrie and Sadras, 2008). In a warmer than
ideal environment for a given cultivar, the grapevine goes through its phenological
events more rapidly, resulting in earlier and likely higher sugar ripeness, and,
while the grower or winemaker is waiting for flavors to develop, the acidity is
lost through respiration, resulting in unbalanced wines without greater after-
harvest inputs or adjustments in the winery (Vierra, 2004). As a result of warm-
ing conditions to date, combined with other complex consumer and economic
issues, higher alcohol levels have been observed in many regions (Jones, 2010).
For example, research has found that potential alcohol levels of Riesling at har-
vest in Alsace have increased by 2.5 percent (by volume) over the last 30 years
and was highly correlated to significantly warmer ripening periods and earlier
phenology (Duchéne and Schneider, 2005). In Franconia (Bock et al., 2011), the
Rhine Valley (Schultz and Jones, 2010), the Loire Valley (Neethling et al., 2012),
and Slovenia (Vrsic et al., 2014), research has also found that as sugar levels
rose, acidity levels declined and that both were significantly correlated with
increases in temperatures. Godden and Gishen (2005) summarize trends in
composition for Australian wines showing increases in the alcohol content of
12.3 to 13.9 percent for red wines and 12.2 to 13.2 percent for white wines
from 1984 to 2004. Also for Napa Valley, average alcohol levels rose from 12.5
to 14.8 percent from 1971 to 2001 while acid levels fell and the pH climbed
(Vierra, 2004). Orduna (2010) argues that wine-making regions with increases
in extremely hot temperatures will see inhibited vine metabolism, leading to
reduced metabolite accumulations and a significant increase in the risk of color
and aroma degradation (Mori et al., 2007) along with higher instances of wine
spoilage. Furthermore, harvests that occur earlier in the summer, in a warmer
part of the growing season (e.g., August or September instead of October in the
Northern Hemisphere), will result in hotter fruit being harvested (which readily
loses flavor and aroma compounds) with the potential for greater fruit desicca-
tion, without greater irrigation inputs (Webb et al., 2011).

Much work has been done examining the likely impacts of climate change on
the growth and yield of numerous agricultural plants worldwide through experi-
ments and modeling (e.g., Challinor et al., 2014, and others cited therein). Yet,
knowledge about climate change effects on diseases, pests and weed develop-
ment, and related plant responses is still lacking, and thus insufficiently imple-
mented within crop models (Chakraborty et al.,, 1998). In particular, plant
pathogens may be especially responsive to global change, given their both
short generation times and effective dispersal mechanisms (Coakley et al., 1999).
Furthermore, because of altered temperature and precipitation regimes with
climate change, growth stages and/or rates of development in the life cycle and
pathogenicity of pathogens may be altered as well, while modification of the
physiology and resistance of host plants is also likely to occur (Chakraborty et al.,
1998). There is even more limited systematic research on the consequences of
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changing temperature and precipitation on grapevine pests and diseases (e.g.,
Chakraborty et al., 1998; Salinari et al.,, 2006, Walton et al., 2010) although
various observations indicate that significant alterations are going on already.
From the limited experience in viticulture regions it is likely that pest and disease
pressure will increase and also shift to new areas further toward the poles with
warmer winters and warmer night temperatures. Cool climate viticulture zones
most probably will face more damage by berry rots, higher population densities,
or more generations of pest insects and mites and an increasing significance of
current secondary pests in the future, but the effects are likely to differ among pest
species depending on the specific modes of interaction. For example, Pierce’s dis-
ease has been predicted to move into Oregon and Washington wine regions where
it is currently not present due to lower winter temperatures (Tate, 2001). Walton
etal. (2010) found that mite-related short shoot syndrome in Oregon is driven by
population dynamics controlled by climate and that mites begin feeding at the
onset of shoot growth when tissue is most susceptible in spring. Changes in cli-
mate have likely synchronized this timing more in some regions and will alter the
timing further in the future. In Italy, Salinari et al. (2006) modeled the occurrence
of downy mildew and predicted that disease pressure would increase in the future
due to increasing temperatures. In Great Britain, modeling of virus-vector nema-
todes showed that they are predicted to spread at a rate of 160-200 km per 1 °C
but would also be aided by humans and could spread even faster (Neilson and
Boag, 1996). While there has been no direct climate change assessment on one of
the biggest pests for viticulture, phylloxera, there is a likely increasing risk of
spread based on the increased rate of emergence of the insect from the soil with
warming (Benheim et al., 2012). Increasing drought risk with climate change
might also add to phylloxera impacts because, after a drought event or when
water allocation to vines is reduced, phylloxera population abundance increases,
as does greater plant stress and a more rapid decline in plant health.

Beyond pest interactions, soil also strongly influences yield and quality in
wine production. Soil erosion, degradation, and salinity are likely to be major
indirect effects of climate change on viticulture and wine production (Anderson
et al., 2008). Climate change is expected to lead to a more vigorous hydrological
cycle, including more total rainfall and more frequent high-intensity rainfall
events (IPCC, 2013). Observations show that rainfall amounts and intensities
increased on average globally during the twentieth century (Donat et al., 2013),
and according to climate change models they are expected to continue to increase
during the twentyfirst century (IPCC, 2013). These rainfall changes, along with
expected changes in temperature, solar radiation, and atmospheric CO, concen-
trations, will likely have significant impacts on soil erosion rates (Nearing et al.,
2004). Even in cases where annual rainfall is projected to decrease, system
feedbacks related to decreased biomass production could lead to greater suscep-
tibility for soil erosion. There will likely be nonlinear effects of climate change
caused by interactions between soil, climate, and nutrition, in part dependent on
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adaptation in vine management where responses could potentially exacerbate,
or ameliorate, the potential changes in erosion rates (Anderson et al., 2008;
Hayman et al., 2009). For example, research examining climate change influ-
ences on soil erosion and nutrition loss in steep slope vineyards in Slovenia
suggested that periodic soil tillage during the growing season could limit the
impacts if done at the right time (Vrsic et al., 2011). However, it was stressed that
the seasonality of extreme rainfall events might change in the future, resulting
in challenges to developing an adaptive plan of periodic soil tillage. In regions
with very arid climates there is often a decline in soil structure and increased
salinity (Clark et al., 2002; Richards et al., 2008). Soil structure decline and
increased sodicity can occur when saline water is used for summer irrigation and
then subsequently the soil receives high-quality rainwater during winter (Clark
et al., 2002). Decreased flows in arid regions in the western United States and
Australia is likely to result in increased salinity of irrigation water in many viti-
culture regions. Furthermore, a changing climate and other demands on water
will increase the pressure to restrict irrigation, ultimately increasing rootzone
salinity with greater impacts on wine quality over time.

The projected changes in atmospheric parameters are of key importance for
many agricultural processes and practices, but especially important for photo-
synthetic activity and biomass accumulation are atmospheric levels of CO,.
While atmospheric CO, concentrations have fluctuated over Earth’s history, they
have increased substantially since industrialization and are predicted to continue
to rise in the future (IPCC, 2013). For perennial crops (such as vineyards), Lobell
et al. (2006) state that under future climate change actual yield changes will
reflect the combined influence of climatic factors and the potentially positive
effects of management, technology, and increased atmospheric CO,. While
research on CO, effects on grapevines and wine are limited temporally, spatially,
and across numerous varieties, there is some evidence of likely increases in leaf
area and vegetative dry weight from increased atmospheric CO,, while interan-
nual variation in yield is likely to increase (Bindi et al., 1996). Subsequent stud-
ies by Bindi et al. (2001a, 2001b) found that acid and sugar levels in the grapes
during their growth period were equally increased under elevated atmospheric
CO, concentrations. However, at maturity no differences were found for acid,
sugar or other wine quality variables and, while there was a trend towards
higher concentrations of red wine pigments in enriched CO, treatments, the
authors indicated that it could have been due to vinification effects (Bindi et al.,
2001a, 2001b). It was concluded that the effect of higher CO, concentrations on
grape and wine quality was limited and that yield increasing effects may be
reduced or cancelled by the effect of warmer temperatures (Bindi et al., 2001a).
Itis also believed that raised atmospheric CO, is likely to result in partial stomatal
closure, which indirectly leads to increased leaf temperatures, resulting in a neg-
ative feedback on photosynthetic potential (Schultz, 2000). Moutinho-Pereira
etal. (2009) found that raised atmospheric carbon dioxide decreased the stomatal
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density of some grapevine varieties, but that the net CO, assimilation rate was
significantly increased, whereas stomatal conductance was reduced in elevated
CO,, leading to improvements in intrinsic water use efficiency. Work by
Gongalves et al. (2009) examining impacts on the variety Touriga Nacional
found that higher CO, levels produce small to no differences in grape maturity
variables or wine aroma compounds, but fermentation factors may influence
these results. While we understand some of the issues surrounding CO, impacts
on growing grapes and wine production, Keller (2010) brings up the important
point that, in spite of the obvious importance for the global wine industry, we do
not know how rising CO, influences temperature variations and water supply
issues as they relate to vine growth, phenological timing and phase lengths, yield
formation, fruit ripening and composition, and, most importantly, wine quality.
Rightfully so, Keller (2010) advocates for more longer-term studies of increasing
CO, so that appropriate adaptation and mitigation strategies can be developed in
response to a changing climate. Furthermore, understanding the interactions of
elevated CO, concentrations with changes in climatic parameters, including
temperatures, extremes, soil water availability, pests, diseases, and physiological
interactions remain a key aspect for assessing climate change impacts on all forms
of agriculture in the future (Tubiello and Fischer, 2007; Schultz and Stoll, 2010).

1.5 Conclusions

Even with the large number of uncertainties associated with climate change,
continuing research efforts are needed to help better understand numerous
issues that growers are currently experiencing and are likely to see in the future
(Jones and Webb, 2010; Schultz and Jones, 2010). These include (1) how crop
suitability, establishment, growth, and maturity will be altered in the future,
(2) whether there will be sufficient heat accumulation and precipitation to meet
crop needs in the future, and (3) whether there will be sufficient regularity in
climate from year to year so as to allow security of production or whether agro-
climatic variability will be greater than what is environmentally/economically
feasible and/or sustainable. General areas of study to address some of these
issues include better understanding of the cultivar limits to climate conditions,
differential vineyard management strategies, further wine-making refinements,
developments in soil-rootstock compatibility, and continued plant breeding and
genetic research. For cultivar suitability we clearly need a better understanding
of temperature limits for viticulture, especially at the warmer end of the growth
spectrum for winegrapes (Schultz and Jones, 2010). Vineyard management
adaptations are numerous, including changes in row orientation, spacing, can-
opy management, and irrigation management that help manage heat and/or
drought stresses (Keller, 2010; Webb et al., 2010). Likewise, wine-making
adjustments are many and include the potential use of different yeasts that
ferment to lower alcohol levels while maintaining typical flavor and aroma
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profiles (Contrerasa et al., 2014). The industry would benefit greatly from
continued developments to more healthy plant material with less virus and
lowered disease susceptibility, which would reduce the vulnerability of the plant
system to environmental stresses such as climate change. Furthermore, grape-
vines have a large genetic diversity (This et al., 2006) and increased under-
standing of the available genetic material and the maintenance of the natural
biodiversity is important for being able to better adapt to climate change (White
et al., 2006; Duchéne et al., 2012; Tello et al., 2012).

The remaining chapters in this book examine many of the issues detailed above
and more. Several chapters examine physiological responses of grapevines to vari-
ous environmental stressors that are either directly or indirectly related to climate
change. Many of these issues are tied to drought, water management in vineyards
(see also Chapter 3), increasing salinity (Chapter 12), and how rootstocks respond
to various water and nutrient stresses (Chapter 4). Still other chapters provide
additional information on the changing carbon balance in grapevines (Chapter 5),
the use of remote sensing and other geospatial tools to monitor vineyard stress
(Chapter 8), and information on the genetics of stress tolerance (Chapter 15).

References

Anderson, K., Findlay, C., Fuentes, S., and Tyerman, S. (2008) Viticulture, Wine and Climate
Change. Commissioned Paper for the Garnaut Climate Change Review. Accessible at: www.
garnautreview.org.au.

Benheim, D., Rochfort, S., Robertson, E., Potter, 1.D., and Powell, K.S. (2012) Grape phylloxera
(Daktulosphaira vitifoliae) — a review of potential detection and alternative management
options. Annals of Applied Biology, 161 (2), 91-115.

Bindi, M., Fibbi, L., Gozzini, B., Orlandini, S., and Miglietta, E. (1996) Modeling the impact
of future climate scenarios on yield and variability of grapevine. Climate Research, 17,
213-224.

Bindi, M., Fibbi, L., Lanini, M., and Miglietta, E. (2001a) Free Air Co, Enrichment (FACE) of
grapevine (Vitis vinifera L.): I. Development and testing of the system for CO, enrichment.
European Journal of Agronomy, 14, 135-143.

Bindi, M., Fibbi, L., and Miglietta, F. (2001b) Free Air CO, Enrichment (FACE) of grapevine
(Vitis vinifera L.): TI. Growth and quality of grape and wine in response to elevated CO,
concentrations. European Journal of Agronomy, 14, 145-155.

Bisson, L.F., Waterhouse, A.L., Ebeler, S.E., Walker, M.A., and Lapsley, J.T. (2002) The present
and future of the international wine industry. Nature, 418, 696-699.

Bock, A., Sparks, T.H., Estrella, N., and Menzel, A. (2011) Changes in the phenology and
composition of wine from Franconia, Germany. Climate Research, 50, 69-81.

Bohmrich, R. (2006) The next chapter in the terroir debate. Wine Business Monthly, January
2006, 88-93.

Carter, S. (2006). The Projected Influence of Climate Change on the South African Wine Industry.
Interim Report IR-06-043, International Institute for Applied Systems Analysis, 33 pp.

Chakraborty S., Murray, G.M., Magarey, P.A., Yonow, T., O'Brien, R.G., Croft, B.J., Barbetti, M.J.,
Sivasithamparam, K., Old, K.M., Dudzinski, M.J., Sutherst, R.W., Penrose, L.J., Archer, C., and
Emmet. R.W. (1998) Potential impact of climate change on plant diseases of economic sig-
nificance to Australia. Australasian Plant Pathology, 27, 15-35.



14  Chapter 1

Challinor, A.J., Watson, J., Lobell, D.B., Howden, S.M., Smith, D.R., and Chhetri, N. (2014)
A meta-analysis of crop yield under climate change and adaptation. Nature Climate Change.
doi: 10.1038/NCLIMATE2153.

Clark, L.R., Fitzpatrick, R.W., Murray, R.S., and McCarthy, G. (2002) Vineyard Soil Degradation
Following Irrigation with saline groundwater for twenty years. Paper in 17th World Congress
of Soil Science, Bangkok, Thailand, pp. 14-20.

Coakley, S.M., Scherm, H. and S. Chakraborty, S. (1999) Climate change and plant disease.
Annual Review of Phytopathology, 37, 399-426.

Contrerasa, A., Hidalgoa, C., Henschkea, P.A., Chambersa, P.J., Curtina, C., and Varela, C.
(2014) Evaluation of non-saccharomyces yeasts for the reduction of alcohol content in wine.
Applied Environmental Microbiology, 80 (5), 1670-1678.

Diffenbaugh, N.S., White, M.A., Jones, G.V., and Ashfaq, M. (2011) Climate adaptation wedges:
a case study of premium wine in the western United States. Environmental Research Letters,
6 (024024). doi: 10.1088/1748-9326/6/2/024024.

Donat, M.G., Alexander, L.V., Yang, H., Durre, 1., Vose, R., and Caesar, J. (2013) Global land-
based datasets for monitoring climatic extremes. Bulletin of the American Meteorogy Society, 94,
997-1006.

Duchéne, E. and Schneider, C. (2005) Grapevine and climatic changes: a glance at the situation
in Alsace. Agronomy Sustainability Development, 24, 93-99.

Duchéne, E., Butterlin, G., Dumas, V., and Merdinoglu, D. (2012) Towards the adaptation of
grapevine varieties to climate change: QTLs and candidate genes for developmental stages.
Theoretical Applied Genetics, 124, 623-635.

Fraga, H., Malheiro, A.C., Moutinho-Pereira, J., and Santos, J.A. (2012) An overview of climate
change impacts on European viticulture. Food and Energy Security, 1 (2), 94-110.

Garreaud, R.D., Vuille, M., Compagnucci, R., and Marengo, J. (2009) Present-day South American
climate. Palaeogeography, Palaeoclimatology, Palaeoecology. doi: 10.1016/j.palae0.2007.10.032.

Godden, P. and Gishen, M. (2005) Trends in the composition of Australian wine. Wine Industry
Journal, 20 (5), September—October 2005.

Gongalves, B., Falco, V., Moutinho-Pereira, J., Bacelar, E., Peixoto, F., and Correia, C. (2009)
Effects of elevated CO, on grapevine (Vitis vinifera L.): volatile composition, phenolic content,
and in vitro antioxidant activity of red wine. Journal of Agriculture and Food Chemistry, 57,
265-273.

Gordon, N.D. (1986) The Southern Oscillation and New Zealand weather. Monthly Weather
Review, 114, 371-387.

Gu, L., Hanson, P.J., Post, W.M., Kaiser, D.P,, Yang, B., Nemani, R., Pallardy, S.G., and Meyers,
T. (2008) The 2007 eastern US spring freezes: increased cold damage in a warming world?
BioScience, 58, 253-262.

Hall, A. and Jones, G.V. (2009) Effect of potential atmospheric warming on temperature based
indices describing Australian winegrape growing conditions. Australian Journal of Grape and
Wine Research, 15 (2), 97-119.

Hayman, P.T., McCarthy, M.G., Soar, C.J., and Sadras, V.O. (2009) Addressing the tension
between the challenge of climate change and the adaptive capacity of the wine grape indus-
try, in Managing Grapevines in Variable Climates: The Impact of Temperature (eds V.O. Sadras, C.J.
Soar, PT. Hyman, and M.G. McCarthy), South Australian Research and Development
Corporation, pp. 184-204.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., and Jarvis, A. (2005) Very high resolution
interpolated climate surfaces for global land areas. International Journal of Climatology, 25,
1965-1978.

IPCC (2013) Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (eds T.E
Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex,
and P.M. Midgley), Cambridge University Press, Cambridge, UK and New York, USA, 1535 pp.



Grapevines in a changing environment 15

Jones, G.V. (2005) Climate change in the western United States grape growing regions. Acta
Horticulturae (ISHS), 689, 41-60.

Jones, G.V. (2006) Climate and terroir: impacts of climate variability and change on wine, in
Fine Wine and Terroir — The Geoscience Perspective (eds RW. Macqueen and L.D. Meinert),
Geoscience Canada Reprint Series Number 9, Geological Association of Canada, St John’s,
Newfoundland, pp. 203-216, 247 pp.

Jones, G.V. (2010). Nature, nurture, or economics: What'’s driving higher alcohol in wines?
Wine and Spirits Magazine, Special Issue on High and Low Alcohol Wines with Food (Fall 2010
Issue).

Jones, G.V. (2013). Winegrape phenology, in Phenology: An Integrative Environmental Science,
2nd edn (ed. M.D. Schwartz), Springer, 610 pp.

Jones, G.V. (2014). Climate, terroir and wine: What matters most in producing a great wine?
EARTH, 59 (1), 36-43.

Jones, G.V. and Davis, R.E. (2000) Climate influences on grapevine phenology, grape composi-
tion, and wine production and quality for Bordeaux, France. American Journal of Viticulture
and Enology, 51 (3), 249-261.

Jones, G.V. and Goodrich, G.B. (2008) Influence of climate variability on wine region in the
western USA and on wine quality in the Napa Valley. Climate Research, 35, 241-254.

Jones, G.V. and Webb, L.B. (2010) Climate change, viticulture, and wine: challenges and oppor-
tunities. Journal of Wine Research, 21 (2), 103-106.

Jones, G.V., White, M.A., Cooper, O.R., and Storchmann, K. (2005a) Climate change and global
wine quality. Climatic Change, 73 (3), 319-343.

Jones, G.V., Duchéne, E., Tomasi, D., Yuste, J., Braslavksa, O., Schultz, H., Martinez, C., Boso,
S., Langellier, E,, Perruchot, C., and Guimberteau, G. (2005b) Changes in European wine-
grape phenology and relationships with climate, in XIV International GESCO Viticulture Congress,
Geisenheim, Germany, 23-27 August 2005, 875 pp. vol.1 (23.0-27.8), pp. 55-62.

Jones, G.V., Reid, R., and Vilks, A. (2012) Climate, grapes, and wine: structure and suitability
in a variable and changing climate, in The Geography of Wine: Regions, Terroir, and Techniques
(ed. P. Dougherty), Springer Press, 255 pp, pp. 109-133.

Keller, M. (2010) Managing grapevines to optimise fruit development in a challenging environment:
a climate change primer for viticulturists. Australian Journal of Grape Wine Research, 16, 56—69.
Koufos, G., Mavromatis, T., Koundouras, S., Fyllas, N.M., and Jones, G.V. (2013) Viticulture—
climate relationships in Greece: the impacts of recent climate trends on harvest date varia-

tion. International Journal of Climatology. doi: 10.1002/joc.3775.

Lebon, E. (2002) Changements climatiques: quelles conséquences pour la viticulture, in CR
6ieme Rencontres Rhodaniennes, pp. 31-36.

Lobell, D.B., Field, C.B., Nicholas Cahill, K., and Bonfils, C. (2006) Impacts of future climate
change on California perennial crop yields: model projections with climate and crop uncer-
tainties. Agricultural and Forest Meteorology, 141, 208-218.

Malheiro, A.C., Santos, J.A., Pinto, J.G., and Jones, G.V. (2012) European viticulture geography
in a changing climate. Bulletin I’OIV, 85 (971-972-973), 15-22.

Molitor, D., Caffarra, A., Sinigoj, P., Pertot, 1., Hoffmann, L., and Junk, J. (2014) Late frost dam-
age risk for viticulture under future climate conditions: a case study for the Luxembourgish
winegrowing region. Australian Journal of Grape and Wine Research, 20 (1), 160-168.

Mori, K., Goto-Yamamoto, N., Kitayama, M., and Hashizume, K. (2007) Loss of antho-
cyanins in red-wine grape under high temperature. Journal of Experimental Botany, 58,
1935-1945.

Moriondo, M., Jones, G.V., Bois, B., Dibari, C., Ferrise, R., Trombi, G., and Bindi, M. (2013) Projected
shifts of wine regions in response to climate change. Climatic Change, 119 (3-4), 825-839.

Moutinho-Pereira, J., Gongalves, B., Bacelar, E., Cunha, J.B., Coutinho, J., and Correia, C.M.
(2009) Effects of elevated CO, on grapevine (Vitis vinifera L.): physiological and yield
attributes. Vitis, 48 (4), 159-165.



16  Chapter 1

Nearing, M.A., Pruski, EE, and O’'Neal, M.R. (2004) Expected climate change impacts on soil
erosion rates: a review. Journal of Soil and Water Conservation, 59 (1), 43-50.

Neethling, E., Barbeau, G., Bonnefoy, C., and Quenol, H. (2012) Change in climate and berry
composition for grapevine varieties cultivated in the Loire Valley. Climate Research, 53 (2),
89-101.

Neilson R. and Boag, B. (1996) The predicted impact of possible climatic change on virus-vector
nematodes in Great Britain. European Journal of Plant Pathology, 102, 193-199.

Nemani, R.R., White, M.A., Cayan, D.R., Jones, G.V., Running, S.W., and Coughlan, J.C. (2001)
Asymmetric climatic warming improves California vintages. Climate Research, November 22,
19 (1), 25-34.

Orduna, R.M. (2010) Climate change associated effects on grape and wine quality and produc-
tion. Food Research Intenational, 43, 1844-1855.

Peterson, T.C. (2005) Climate change indices. WMO Bulletin, 54 (2), 83-86.

Petrie, PR. and Sadras, V.O. (2008) Advancement of grapevine maturity in Australia between
1993 and 2006: putative causes, magnitude of trends and viticultural consequences.
Australian Journal of Grape and Wine Research, 14, 33-45.

Power, S., Tseitkin, F, Mehta, V., Lavery, B., Torok, S., and Holbrook, N.J. (1999) Decadal cli-
mate variability in Australia during the twentieth century. International Journal of Climatology,
19, 169-184.

Ramos, M.C., Jones, G.V., and Martinez-Casasnovas, J.A. (2008) Structure and trends in climate
parameters affecting winegrape production in northeast Spain. Climate Research, 38, 1-15.
Richards, A.L., Hutson, J.L., and McCarthy, G. (2008) Monitoring and modelling transient root-
zone salinity in drip irrigated viticulture, in Proceedings of the 13th AWITC (eds R. Blair, P.

Williams, and S. Pretorius), pp. 212-217.

Rodo, X. and Comin, EA. (2000) Links between large-scale anomalies, rainfall and wine quality
in the Iberian Peninsula during the last three decades. Global Change Biology, 6 (3), 267-273.

Rodriguez, J.M., et al. (2005) Main Conclusions from the Preliminary Assessment of the Impacts
in Spain due to the Effects of Climate Change. Project ECCE, Ministry of the Environment
and the University of Castilla-La Mancha, 39 pp.

Salinari, F.,, Giosue, S., Tubiello, EN., Rettori, A., Rossi, V., Spanna, F., Rosenzweig, C., and
Gullino, M.L. (2006) Downy mildew (Plasmopara viticola) epidemics on grapevine under
climate change, Global Change Biology, 12, 1299-1307.

Santos, J.A., Malheiro, A.C., Pinto, J.G., and Jones, G.V. (2012) Macroclimate viticultural
zoning in Europe: observed trends and atmospheric forcing. Climate Research, 51, 89-103.
doi: 10.3354/cr01056.

Schir, C., Vidale, P.L., Liithi, D., Frei, C., Haberli, C., Liniger, M., and Appenzeller, C. (2004) The
role of increasing temperature variability in European summer heat waves. Nature, 427,
332-336.

Schultz, H.R. (2000) Climate change and viticulture: a European perspective on climatology,
carbon dioxide and UV-B effects. Australian Journal of Grape and Wine Research, 6 (1), 2—12.
Schultz, H.R. and Jones, G.V. (2010) Climate induced historic and future changes in viticulture.

Journal of Wine Research, 21, 2, 137-145.

Schultz, H.R. and Stoll, M. (2010) Some critical issues in environmental physiology of grapevines:
future challenges and limitations. Australian Journal of Grape and Wine Research, 16, 4-24.

Stock, M., Gerstengarbe, EW., Kartschall, T., and Werner, P.C. (2005) Reliability of climate
change impact assessments for viticulture, in ISHS Acta Horticulturae 689: Proceedings from the
VII International Symposium on Grapevine Physiology and Biotechnology, Davis, California.

Tate, A.B. (2001) Global warming’s impact on wine. Journal of Wine Research, 12, 95-109.

Tello, J., Cordero-Bueso, G., Aporta, L., Cabellos, J.M., and Arroyo, T. (2012) Genetic diversity
in commercial wineries: effects of the farming system and vinification management on wine
yeasts. Journal of Applied Microbiology, 112, 302-315.



Grapevines in a changing environment 17

This, P., Lacombe, T., and Thomas, M.R. (2006) Historical origins and genetic diversity of wine
grapes. Trends in Genetics, 22, 511-519.

Tomasi, D., Jones, G.V., Giust, M., Lovat, L., and Gaiotti, F. (2011) Grapevine phenology and
climate change: relationships and trends in the Veneto Region of Italy for 1964-2009.
American Journal of Enology and Viticulture, 62 (3), 329-339.

Tomasi, D., Gaiotti, F., and Jones, G.V. (2013) The Power of the Terroir: the Case Study of Prosecco
Wine, Springer Press, Basel, Switzerland, 185 pp.

Trenberth, K.E. and Fasullo, J.T. (2013) An apparent hiatus in global warming? Earth’s Future,
1 (1), 19-32.

Tubiello, E and Fischer, G. (2007) Reducing climate change impacts on agriculture: global and
regional effects of mitigation, 2000-2080. Technology and Forecasting Social Change, 74,
1030-1056.

Tyson, P.D. (1986) Climatic Change and Variability over Southern Africa, Oxford University Press,
Cape Town, South Africa, 220 pp.

Urhausen, S., Brienen, S., Kapala, A., and Simmer, C. (2011) Climatic conditions and their
impact on viticulture in the Upper Moselle region. Climate Change, 109 (3—-4), 349-373.

van Leeuwen, C., Friant, P., Chone, X., Tregoat, O., Koundouras, S., and Dubourdieu, D. (2004)
Influence of climate, soil, and cultivar on terroir. American Journal of Viticulture and Enology,
55, 207-217.

Vaudour, E. (2002) The quality of grapes and wine in relation to geography: notions of terroir
at various scales. Journal of Wine Research, 13 (2), 117-141.

Vierra, G. (2004) Pretenders at the Table — Are table wines no longer food friendly? Wine Business
Monthly, 11(7), July 2004.

Vrsic, S., Ivancic, A., Pulko, B., and Valdhuber, J. (2011) Effect of soil management systems on
erosion and nutrition loss in vineyards on steep slopes. Journal of Environmental Biology, 32,
289-294.

Vrsic, S., Sustar, V., Pulko, B., and Sumenjak, T.K. (2014) Trends in climate parameters affecting
winegrape ripening in northeastern Slovenia. Climate Research, 58, 257-266.

Walton, V.M., Dreves, A.J., Coop, L.B., Jones, G.V., and Skinkis, P.A. (2010) Developmental
parameters and seasonal phenology of Calepitrimerus vitis (Acari: Eriophyidae) in wine grapes
of Western Oregon. Environmental Entomology, 39 (6). doi: 10.1603/EN09197.

Webb, L.B., Whetton, P.H., and Barlow, E-W.R. (2007) Modelled impact of future climate
change on the phenology of winegrapes in Australia. Australian Journal of Grape and Wine
Research, 13, 165-175.

Webb, L.B, Whetton, PH., and Barlow, E.W.R. (2008) Climate change and wine grape quality
in Australia. Climate Research, 36, 99-111.

Webb, L.B., Whiting, J., Watt, A., Hill, T., Wigg, F., Dunn, G., Needs, S., and Barlow, E.W.R.
(2010) Managing grapevines through severe heat: a survey of growers after the 2009 sum-
mer heatwave in south-eastern Australia. Journal of Wine Research, 21 (2-3), 147-165.

Webb, L.B., Whetton, P.H., and E.W.R. Barlow (2011) Observed trends in winegrape maturity
in Australia. Global Change Biology, 17 (8), 2707-2719.

White, M.A., Diffenbaugh, N.S., Jones, G.V., Pal, J.S., and Giorgi, E (2006) Extreme heat
reduces and shifts United States premium wine production in the 21st century. Proceedings of
the National Academy of Sciences, 103 (30), 11217-11222.

White, M.A., Whalen, P., and Jones, G.V. (2009) Land and wine. Nature Geoscience, 2, 82—84.

Wolfe, D.W., Schwartz, M.D., Lakso, A.N., Otsuki, Y., Pool, R.M., and Shaulis, N.J. (2005)
Climate change and shifts in spring phenology of three horticultural woody perennials in
northeastern USA. International Journal of Biometeorology, 49, 303-309.



